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Abstract 
A series of Ni-Al hydrotalcite-type samples modified with copper was prepared and evaluated for use in the 
decomposition of ethanol. The partial substitution of Ni by Cu has small influence on the specific surface area and on 
the structure (XRD). However, it has a strong influence on the degree of reducibility (shifts to lower temperatures) 
and on the selectivity of reaction. The selectivity towards H2 and CO increases for reactions conducted at a higher 
temperature, which is followed by a decrease in the amount of carbon formed. Catalysts with a high Cu content 
exhibit lower selectivity for H2 and CO. SEM images show that carbon nanotubes with greater and more variable 
diameters and lengths were formed by Cu-loaded catalysts, possibly due to the sintering of copper. Nevertheless, the 
Raman spectra suggest that the nanotubes produced by the Cu-containing samples have higher purities and fewer 
defects. 
 
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
(Petr Kluson) 
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1. Introduction 
In the search for alternative fuels, catalytic processes that produce hydrogen and synthesis gas have 
attracted great attention. Aside from involving a renewable biomass resource, the decomposition of 
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ethanol can generate ethylene, H2 and synthesis gas (H2 and CO), depending on the process operation 
conditions and the catalyst used. Furthermore, ethanol can be used as a carbon source in the synthesis of 
carbon nanotubes (CNT) that have outstanding physical and chemical properties. 
In this process, the primary reactions that take place are the decomposition of ethanol to light gases 
(eq. 1) and the dehydration of ethanol (eq. 2). Additionally, the methane produced in eq. 1 can be further 
decomposed to hydrogen and carbon (eq. 3), increasing the H2 yield and providing a more suitable H2/CO 
molar ratio for Fischer-Tropsch synthesis. 
 
C2H5OH → CH4 + CO + H2  ΔH298K = 49 kJ·mol-1   (1) 
C2H5OH → C2H4 + H2O  ΔH298K = 45 kJ·mol-1       (2) 
CH4 → C(s) + 2H2  ΔH298K = 75 kJ·mol-1   (3) 
Recently, Ni-based catalysts used in this process have shown promising results [1-3]. Investigations of 
hydrotalcite-type (HT) nickel catalysts have exhibited very interesting properties and performances in 
other reactions involving ethanol [4, 5]; however, results regarding the carbon formed over these materials 
are scarce. Copper can modify the reduction profiles of samples [6, 7] and could possibly improve their 
performance in the decomposition of ethanol. Therefore, we herein investigate HT Ni-Al catalysts 
modified with copper for the decomposition of ethanol. 
 
Nomenclature 
 
[Ci] number of moles of C-containing i product in the outlet stream 
[H2] number of moles of H2 in the outlet stream 
[H2O] number of moles of water in the outlet stream 
[H2j] number of moles of H2-containing j product in the outlet stream 
RC carbon produced rate 
SH2 selectivity for hydrogen 
SH2O selectivity for water 
SCi selectivity for C-containing i product 
υi ratio of stoichiometric reaction coefficients 
2. Experimental 
2.1. Catalysts preparation 
The Cu-Ni-Al samples were synthesised using the continuous co-precipitation method described 
elsewhere [6]. Briefly, an aqueous solution containing metal nitrates was mixed with another aqueous 
solution of Na2CO3. The co-precipitation process was conducted in a CSTR at constant temperature 
(50°C) and pH (8± 0.1). After crystallisation at 50°C for 1 h, the precipitate was filtered and washed 
thoroughly with distilled and deionised water. The material was dried at 80°C for 24 h in an oven. The 
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samples were crushed and sieved; the fraction with particle sizes between 355 and 500 μm was collected. 
Thermal treatment was conducted under a synthetic air flow of 50 mL·min-1 at 600°C for 6 h. 
2.2. Characterisation 
The materials were characterised using BET surface area measurements (SBET), thermogravimetry 
coupled with differential thermal analysis (TG/DTA), temperature-programmed reduction (H2-TPR), X-
ray diffraction (XRD) patterns, temperature-programmed oxidation (TPO/DTA), scanning electron 
microscopy (SEM) and Raman spectroscopy. 
The H2-TPR profiles were collected using a multipurpose system (SAMP3). A quartz tube was loaded 
with 100 mg of the calcined sample and placed in a temperature-controlled oven. After pretreatment at 
250°C for 1 h, the temperature was increased to 880°C (10°C·min-1) using 30 mL·min-1 of a 10% H2/N2 
(v/v) reduction mixture. The reduction curves were recorded with a thermal conductivity detector (TCD). 
The SBET was also measured in the SAMP3 equipment by the N2 dynamic adsorption method at its normal 
boiling point (-196°C). 
Thermogravimetric analysis was performed using a TA thermobalance (Model SDT600). In these 
experiments, 10 mg each of fresh sample (TG/DTA) and each sample after reaction (TPO/DTA) was 
purged with N2 at room temperature and then heated up to 850°C (10°C·min-1) under an air flow rate of 
100 mL·min-1. 
The powder XRD patterns were collected with a Bruker D2 Phaser X-ray diffractometer using CuKα 
radiation. The Ni metallic crystallite diameters of the catalysts after reaction were estimated by applying 
the Scherrer equation at 2θ = 44.5°. The SEM images were obtained in a JEOL JSM-6060 equipment at 
20 kV under vacuum. The Raman spectra was collected using a laboratory-built micro-Raman 
spectrometer described earlier [8]. 
2.3. Catalytic evaluation 
The samples were reduced in situ under an H2 flow of 100 mL·min-1 for 1 h at the same reaction 
temperature. The decomposition runs were carried out in a fixed bed quartz reactor (6 mm i.d.) loaded 
with 100 mg of catalyst diluted with quartz (1:1 v/v). The tests were performed for 90 min under 
atmospheric pressure at 500 and 600°C. Nitrogen and ethanol were fed at a flow rate of 100 mL·min-1 and 
0.5 mL·h-1, respectively. The gas hourly space velocity (GHSV) was 30,000 mL·g-1·h-1. The products 
were analysed on-line by gas chromatography. The selectivity for hydrogen (SH2), water (SH2O) and C-
containing products (SCi) was evaluated as follows: 
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3. Results and discussion 
The nominal composition, SBET and TG/DTA results of the samples are shown in Table 1. The surface 
area value of 122 m2·g-1 for the NA sample is attributed to the mixed oxides formation from hydrotalcite-
type structure [9, 10]. Despite having been exposed to different temperatures during the hydrothermal 
treatment, the surface area found for NA is close to the values reported for Ni-Al materials prepared 
through the coprecipitation method [11, 12]. Table 1 also shows that the partial substitution of Ni by Cu 
minimally changes the surface area of the samples because the MII/MIII molar ratio did not change. 
Nevertheless, the surface area of C5NA suggests that higher amounts of copper may form aggregates that 
result in the loss of surface area. Additionally, the surface areas found for samples with low and 
intermediate copper contents (121-124 m2·g-1) are very similar to the Cu0.01Ni0.99O precipitate catalyst 
calcined at 700°C (129 m2·g-1) [13]. 
Table 1. Nominal composition, SBET and TG/DTA results of the catalyst samples 
Sample 
Composition (mol %) Ni/Cu  
ratio 
SBET 
(m²/g) 
TG-DTA results 
Cu Ni Al 1st peak (°C) 2nd peak (°C) 
NA 0 75 25 ∞ 122 200 337 
C24NA 3 72 25 24 121 174 366 
C9NA 7.5 67.5 25 9 124 163 373 
C5NA 12.5 62.5 25 5 113 149 375 
 
Table 1 also shows the thermal decomposition peaks of the samples (TG/DTA). The two endothermic 
peaks observed for the HT materials agree with values found in the literature [6, 14, 15]. These peaks are 
related to the loss of interlayer water and to the dehydroxylation and decomposition of CO32- that yield 
mixed oxides in temperatures below 400°C [16]. It can be noted that the partial substitution of Ni by Cu 
shifts towards lower temperatures the first peak temperature and to higher temperatures the second peak. 
Fig. 1-a shows the XRD patterns of the calcined samples, while Fig. 1-b presents the H2-TPR curves. 
As expected for a similar Ni-Al coprecipitated material [11], the XRD patterns for the calcined samples 
present diffraction reflections that correspond to NiAl2O4 and to NiO. Moreover, the low intensity reveals 
a poorly crystalline structure that was also observed elsewhere for the Ni-Al samples [4, 11], which is in 
agreement with the high surface area values measured by SBET (Table 1). Fig. 1-a also shows that the 
crystallinity of the samples changes little with the partial substitution of nickel by copper. 
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Fig. 1. (a) XRD patterns of the calcined samples: (+) NiO; (@) NiAl2O4; (b) H2-TPR profiles for calcined samples 
The H2-TPR profiles (Fig. 1-b) exhibit a reduction peak centred at 745°C for NA sample. This peak 
can be ascribed to the reduction of NiAl2O4. When Ni is partially replaced by Cu, there is a dramatic 
change in the TPR profile because the reduction of NiAl2O4 takes place at lower temperature (of 
approximately 200°C) compared with the NA sample. In addition, there is a peak corresponding to the 
reduction of CuO, which is shifted to lower temperatures as the Cu content increases (from 270°C for 
C24NA to 212°C for C5NA). It is noted that the size of this peak also increases. It demonstrates that only 
a small amount of Cu promotes the reduction of NiAl2O4 at lower temperatures (see C24NA sample). 
This observation may be related to the reduction of copper oxides at low temperatures, which provides 
hydrogen dissociation sites capable of reducing some metal oxides at relatively lower temperatures, as 
reported for precipitated Co- and Fe-based catalysts [6, 7]. 
The evolution of products during the decomposition of ethanol for C9NA at 500°C is shown in Fig. 2-
a, while Fig. 2-b shows the TPO-DTA curves for C24NA after the decomposition of ethanol at 600°C.  
 
(a) (b) 
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Fig. 2. (a) Distribution of products with time on stream for the decomposition of ethanol at 500°C over the C9NA catalyst; 
(b) TPO-DTA curves for C24NA after the decomposition of ethanol at 600°C 
It can be observed in Fig. 2-a that the selectivity towards H2, CO and H2O remains at the same level 
with time on stream, whereas the selectivity to CO2 and CH4 decreases. On the other hand, the C2H4 
selectivity increases during the reaction. Therefore, the presence of C2H4, together with H2O in the 
products indicates that appreciable dehydration of ethanol (eq. 2) occurred after 30 min of reaction; the 
decrease in selectivity to CH4 and the constant selectivity to H2 suggest that the decomposition of 
methane (eq. 3) is also favoured during the reaction. The results also indicate that other reactions that 
generate light gases from decomposition (eq. 1 and 7), steam reforming of ethanol with excess water (eq. 
8) and water gas shift reactions (eq. 9) take place mainly at the beginning of the process. 
 
C2H5OH → ½CO2 + 3/2CH4  ΔH298K = -74 kJ·mol-1     (7) 
C2H5OH + 3H2O → 2CO2 + 6H2   ΔH298K = 174 kJ·mol-1       (8) 
H2O + CO → CO2 + H2 ΔH298K = -36 kJ·mol-1    (9) 
TPO-DTA analysis (Fig. 2-b) indicates a small weight gain between 250 and 400°C that is related to 
the reoxidation of metallic phase after reaction. After the reoxidation step, there is a weight loss attributed 
to carbon oxidation that ends at temperatures around 650°C. A greater weight loss indicates that there is 
higher amount of carbon on the catalyst surface. Additionally, the higher combustion temperatures of the 
DTA exothermic peaks related to the oxidation of carbon are related to heavier carbon. 
The distribution of products obtained from the decomposition of ethanol at 500°C and 600°C after 30 
min is shown in Table 2. The conversion of ethanol was 100% for all runs. Table 2 also shows the DTA 
peaks related to the oxidation of carbon and the carbon production rate estimated by TPO-DTA. 
 
 
 
 
(a) (b) 
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Table 2. Distribution of products after 30 min of ethanol decomposition and the TPO-DTA results of the catalysts after reaction 
Catalyst Temperature (°C) 
SH2 
(%) 
SH2O 
(%) 
Sci (%)  TPO-DTA analysis 
CO CO2 CH4 C2H4 C2H6  DTA peaks (°C) RC
# 
NA 
500 52 19 28 37 35 0 0  506 531 2.7 
600 70 22 73 13 14 0 0  - 544 2.1 
C24NA 
500 49 16 19 36 19 20 6  477 505 1.3 
600 79 5 71 9 11 9 0  507 534 1.3 
C9NA 
500 45 24 22 38 27 13 0  471 499 1.4 
600 76 5 60 7 11 22 0  504 531 1.2 
C5NA 
500 43 29 18 34 21 27 0  463 491 1.6 
600 58 23 49 17 8 26 0  494 523 1.0 
# Carbon produced rate (gcarbon·gcatalyst-1·h-1)  
 
Comparisons between the products distributions obtained at different reaction temperatures show high 
selectivity towards CO2 and CH4 at 500°C. This result indicates that exothermic reactions such as the 
decomposition of ethanol to CO2 and CH4 (eq. 7) and the water gas shift (eq. 9) take place. 
On the other hand, reactions at 600°C in general lead to higher selectivity towards H2 and CO, and 
lower selectivity to CO2, CH4 and H2O. Therefore, these results suggest that reactions that generate 
synthesis gas through decomposition and  steam reforming of ethanol (eq. 1 and 10) and steam and dry 
reforming of methane (eq. 11 and 12) are favoured at higher temperatures, as expected by their stronger 
endothermic nature. Additionally, the results are possibly related to other reactions that produce H2 and 
CO, such as the gasification of carbon with CO2 (Boudouard, eq. 13) and water steam (eq. 14). 
 
C2H5OH + H2O → 2CO + 4H2  ΔH298K = 256 kJ·mol-1      (10) 
CH4 + H2O → CO + 3H2  ΔH298K = 206 kJ·mol-1     (11) 
CH4 + CO2 → 2CO + 2H2  ΔH298K = 246 kJ·mol-1       (12) 
C(s) + CO2 → 2CO  ΔH298K = 172 kJ·mol-1        (13) 
C(s) + H2O → CO + H2  ΔH298K = 131 kJ·mol-1       (14) 
The TPO-DTA analysis summarised in Table 2 shows higher carbon formation for reactions 
performed at 500°C. This can be explained by the carbon consumption reactions (eq. 13 and 14), which 
have been assumed to take place at higher temperatures based on the products distribution (Table 2) and 
on their enthalpies. Nevertheless, the DTA peaks related to the combustion of carbon suggest that higher 
temperatures would be required for the regeneration of catalysts deactivated by carbon deposition in the 
decomposition of ethanol performed at 600°C. 
Compared to NA, the partial substitution of Ni by Cu results in a decrease in the selectivity towards H2 
and CO that is observed for tests performed at 500°C and a decrease of carbon production. Moreover, it 
can be noted that the Cu-containing catalysts produce ethylene through the dehydration of ethanol (eq. 2), 
while NA does not produce these hydrocarbon compounds after 30 min of time on stream. Table 2 also 
shows that the dehydration reaction is enhanced when Cu content in the sample increases. These results 
demonstrate that Cu strongly changes the properties of the catalysts promoting the dehydration reaction 
(eq. 2) and decreasing the amount of CH4 (eq. 1) and therefore the carbon deposition by CH4 
decomposition (eq. 3). Nevertheless, it can be observed that higher Cu contents lead to lower selectivities 
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towards synthesis gas. In addition, the DTA peaks show that the temperature required for carbon 
oxidation decreases with increasing Cu content. 
The SEM images of the C9NA and NA catalysts after reaction at 500°C and the NA catalyst after 
reaction at 600°C are displayed in Fig. 3.  
 
 
Fig. 3. SEM images of catalysts after reaction: (a) NA at 500°C; (b) NA at 600°C; (c) C9NA at 500°C 
The images obtained for NA after reactions at 500°C and 600°C (Fig. 3-a and 3-b, respectively) appear 
to show carbon nanotubes with similar structures and variable diameters (between 15-40 nm). They 
suggest that the temperature of the reaction has little influence on the carbon nanotubes. On the other 
hand, the SEM image of the C9NA catalyst after reaction at 500°C suggests that the carbon nanotube 
structures are non-uniform in that the lengths and the diameters vary considerably. The diameter of the 
nanotubes in C9NA is generally larger than that of the nanotubes observed in the images for the NA 
catalyst. Although a decrease in Cu-loaded catalysts could not be observed due to the high reaction 
temperatures adopted, Fig. 3-c suggests that a copper phase was sintered during reduction and reaction. 
This phenomenon is supported by the H2-TPR results, which have shown that the reduction CuO → Cu0 
takes place at temperatures approximately 200°C (Fig. 1-b). Moreover, this assumption is in agreement 
with previously reported results regarding the lower thermal stability of Cu-containing samples [17]. 
The XRD patterns for the NA and C9NA catalysts after reaction at 500°C and 600°C are shown in Fig. 
4-a, while the Raman spectra are shown in Fig. 4-b. The XRD patterns present diffraction peaks ascribed 
to carbon and to metallic nickel. In addition, peaks at approximately 2θ = 35° were also observed, which 
is related to the small amounts of SiC that were used as a diluent and were not removed after reaction. 
Lindo et al. [18] observed that the intensity of the diffraction peak at approximately 26°, which was 
assigned to carbon, was proportional to the coke amount, as measured by TPO-DTA (Table 2). The 
crystallite diameters decrease in the following order: C9NA_600 (46 nm) » NA_600 (27 nm) > 
C9NA_500 (21 nm) > NA_600 (17 nm). Although the diameter of C9NA_500 could not be correlated to 
its SEM image due to the high non-uniformity of the carbon structures found for this catalyst (Fig. 3-c), 
the diameter of NA was close to the value estimated from the CNT diameters in Fig. 3-a and Fig. 3-b. 
These values indicate that higher reduction and reaction temperatures result in higher crystallites 
diameters, which is possibly associated with sintering. It also suggests that sintering becomes 
dramatically worse for samples containing copper at higher reduction and reaction temperatures 
(C9NA_600), resulting in diameters approximately 46 nm at the end of reaction. 
 
(a) (b) (c) 
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Fig. 4. (a) X-ray diffraction (XRD) patterns of the NA and C9NA catalysts after reaction at 500°C and 600°C. Identified phases: (C) 
carbon; (x) Ni0; (b) Raman spectra of the catalysts after reaction 
The Raman spectra (shown in Fig. 4-b) exhibit two major peaks for all catalysts located at 1325-1330 
cm-1 (D band) and 1590-1605 cm-1 (G band). The G band is indicative of ordered structures in the CNT, 
while the D band provides information regarding defects and impurities in the CNTs [19]. The ratio 
between the intensity of the peaks of the D band and G band (ID/IG ratio) indicates the perfection of the 
structure and purity of the CNTs. Lower ID/IG ratio values are associated with higher crystallinity and 
fewer defects on the CNT walls [3, 20]. The ID/IG ratio values, typically observed for multi-walled carbon 
nanotubes (MWCNT), decreased in the following order: C5NA_600 (1.8) < NA_500 (1.7) < C5NA_500 
(1.5) < C9NA_500 (1.4) < C24NA_500 (1.3). As reported elsewhere for Ni-based catalysts [2], the results 
suggest that higher ID/IG ratio values are obtained for reactions conducted at higher temperatures. 
Therefore, small increases in CNTs defects and impurities are expected for reactions performed at higher 
temperatures. Moreover, it can be noted that the partial substitution of Ni by Cu (C24NA_500) provides 
nanotubes with higher purities and lower defects. 
4. Conclusions 
The partial substitution of Ni by copper decreases the specific surface area and shifts the reduction of 
NiAl2O4 towards lower temperatures. The higher reaction temperature (600°C) results in a higher 
selectivity towards H2 and CO and lower carbon formation, even though the temperature required for its 
combustion is higher. The partial substitution of Ni by Cu decreases the selectivity for synthesis gas for 
runs performed at 500°C, particularly for the sample with a higher Cu content. The SEM images reveal 
the formation of CNTs with diameters similar to those estimated by XRD for metallic crystallites. 
(a) (b) 
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Additionally, the Cu-loaded sample appears to form non-uniforms CNTs with larger diameters, which is 
possibly associated with the sintering of copper. However, the Raman spectra suggest that CNTs with 
higher purities and fewer defects were synthesised by Cu-containing catalysts. 
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